Two papers in Cell uncover reciprocal crosstalk of local translation and mitochondria in neurons. Rangaraju et al. (2019) observe tethered compartments of stable mitochondria in dendrites that provide a local energy supply for mRNA translation at synapses. Cioni et al. (2019) report a novel association of axonal RNA granules with Rab7a-late endosomes that provides a platform for local translation supporting mitochondria.
Two papers in Cell uncover reciprocal crosstalk of local translation and mitochondria in neurons. Rangaraju et al. (2019) observe tethered compartments of stable mitochondria in dendrites that provide a local energy supply for mRNA translation at synapses. Cioni et al. (2019) report a novel association of axonal RNA granules with Rab7a-late endosomes that provides a platform for local translation supporting mitochondria.
The elaborate morphology of neurons, together with large combined cell volume, means that maintaining the functional domains of the axon, soma, and dendrites across these large distances is challenging. mRNA localization and local translation are believed to play a key role in decentralization of these domains, playing an important role in neuronal wiring, synaptic plasticity, and axon maintenance (Donlin-Asp et al., 2017) .
mRNA transport and local translation is a highly regulated process that involves the molecular interactions of cis-elements in the 3 0 UTR and mRNA binding proteins that form messenger ribonucleoprotein complexes, mRNPs. mRNPs assemble into mRNA transport granules, membraneless organelles, which are directed by cytoskeletal motors to distal compartments in axons and dendrites. mRNA granules dock in specialized compartments (e.g., growth cones, synapses) where they are poised for local translation in response to physiological cues, and to enable processes of local plasticity such as remodeling of dendritic spines and branching of axons. Several mRNA binding proteins have been demonstrated to regulate mRNA transport and local translation.
It has been unclear how the increased energy demand of local protein synthesis and turnover that fuels neuronal plasticity is met. Now, Rangaraju et al. (2019) have used sophisticated imaging methods to investigate the role of mitochondria to power local translation during synaptic plasticity in dendrites. In neurons, mitochondria are found in all compartments and have an important physiological function in ATP production via oxidative phosphorylation and Ca 2+ uptake. While it has been observed that dendritic mitochondria display a more elongated shape compared to shorter axonal mitochondria, the functional significance was not understood. In addition, very little is known about how the energy demand for regulating protein homeostasis is met at postsynaptic spines. Rangaraju et al. (2019) used selective inhibitors to establish that local protein synthesis is powered by mitochondrial respiration and not by glycolysis in compartmentalized, cultured hippocampal neurons. Considering the required time frame for protein-synthesis-dependent plasticity, dendritic mitochondrial dynamics were determined over the course of up to 2 hr after labeling mitochondria via photo bleaching or photo-activation. The dendritic mitochondrial compartments turned out to be remarkably stable over time, whereas mitochondria observed over a similar imaging period in axons were much smaller and more dynamic. The cytoskeleton plays an important role in the active transport and anchoring of organelles. To investigate how actin microfilaments and microtubules influence the stability of the mitochondrial compartments, depolymerizing drugs were used and demonstrated shortening and destabilization of dendritic mitochondria. Interestingly, the opposite effect was achieved in axons, where the disruption of the cytoskeleton led to dramatic stabilization of local mitochondria. These data suggest an opposite role for both actin and microtubule filaments in the tethering and stabilization of dendritic mitochondrial compartments versus the more dynamic behavior and motility of smaller axonal mitochondria.
To address under what conditions these mitochondrial compartments are required to power local translation, local activation of a phototoxic protein (KillerRed) was used to induce oxidative stress, causing spatially restricted fragmentation of mitochondria. As it turned out, this photostimulation-mediated inhibition of mitochondrial compartments did not affect local translation during basal neuronal activity. To test whether local mitochondrial compartments are required for increased energy demands during synaptic plasticity, the authors developed a novel synaptic stimulation protocol to induce local translation and morphological plasticity of individual spines based on two-photon uncaging of glutamate. This tool allowed the authors to examine the effects of photostimulated, local mitochondrial depletion on plasticity-induced protein synthesis in neighboring spines. These experiments revealed that proximal stimulated spines within 0-30 mm to the mitochondriadepleted region exhibit reduced synaptic translation frequency than more distal ones (30-50 mm). These results suggest that while the energy demands of local translation are adequately met by global ATP levels at basal activity, mitochondrial compartments that are anchored nearby are required to power local translation for the enhanced energy demands associated with synaptic plasticity.
Rangaraju et al. also examined the effect of shortening dendritic mitochondria via overexpression of the mitochondrial fission factor (MFF). This resulted in a reduction in local translation frequency, which can be attributed to either reduced size or stability of dendritic mitochondrial compartments as a pre-requisite for plasticity-induced synaptic translation. Of note, a recent study on the role of MFF in axons found that increasing mitochondrial size via MFF downregulation led to reduced presynaptic release and axon branching (Lewis et al., 2018) . Taken together, these studies suggest that the compartment specific differences in mitochondria size and dynamic behavior are tightly regulated and optimized for regulating local plasticity in dendrites and axons ( Figure 1) . While Rangaraju et al. address the role of mitochondria in powering local translation at the post-synapse, the study from Cioni et al. (2019) reports that late endosomes act as platforms for local translation that sustain mitochondria in axons. One major question has been whether there might be crosstalk between localized mRNAs and endosomes, which are classically known for their role in membrane-protein trafficking. Previous work in polarized fungal hyphae identified a role for the mRNA binding protein Rrm4 in the transport of septin Cdc3 mRNA and local translation of septin in association with shuttling endosomes (Baumann et al., 2014) . The authors proposed that endosome-associated local translation could play an important function in assembly of septin filaments and polarized growth. Cioni et al. used the powerful Xenopus retinal ganglion cell (RGC) model system to discover that axonal mRNA granules associate with motile Rab7a late endosomes. This exciting study has characterized and uncovered important new links between late endosomes, RNA granule trafficking, axonal protein synthesis, and mitochondrial function. The study uses tour de force microscopy and quantitative image analysis in fixed and live cells to demonstrate a spatial association of RNA granules with late endosomes and mitochondria. A subset of Rab7a-associated mRNPs colocalized with mitochondria to facilitate local translation of nuclear encoded mitochondrial proteins. In this model, the late endosome serves as a platform for local translation to facilitate protein localization to mitochondria. The authors previously demonstrated local translation of lamin B2 mRNA in axons and the intra-mitochondrial localization of LB2 protein (Yoon et al., 2012) . These studies demonstrate a new function for extranuclear laminB, as well as a noncanonical mechanism for mitochondrial protein import. This mechanism is distinct from RNA targeting directly to the mitochondrial outer membrane, where associated ribosomes allow for co-translational import of nascent peptide chains through the translocation translocase of the outer membrane (TOM) complex. Lastly, Cioni et al. demonstrate that endosomecoupled translation may be affected in a neurological disease. Expression of dominant-negative mutations of Rab7a that cause Charcot-Marie Tooth disease type 2B (CMT2B) led to impaired endosome-coupled local translation, mitochondrial dysfunction, and adverse effects on axon growth.
A key question has been whether the mRNP-association with endosomes is involved in mRNA granule transport, local translation, or both. In the septin Cdc3 mRNA transport model, Rab5a early endosomes interact directly with kinesin (Kin3), and the mRNP complex does not directly drive mRNA transport. Rather it hitches a ride on the endosome, like a piggy back model. Furthermore, endosome-coupled translation of all four septin mRNAs facilitates assembly of septin into macromoecular complexes on the surface of endosomes (Bé thune et al., 2018) . In the study by Cioni et al., expression of Rab5a-or Rab7a-mutant forms did not impair mRNA granule transport dynamics, at least by analysis of granule speed or directionality. In this model, mRNA granules are transported in axons by the canonical mRNP based targeting, in an endosome independent manner. A subset of motile RNA granules colocalize with both early and late endosomes, but the association with late endosomes serves as a platform for local translation at the localized destination (Figure 1) .
A combination of biochemical coimmunoprecipitation and double label live-cell-imaging experiments implicate a potential role of several mRNA-binding proteins in this mechanism. This includes the mRBPs Vg1RBP and the Fragile X Mental Retardation (FMRP) protein, both known to play important direct roles in mRNA localization and local translation that affect synapse development and function (Donlin-Asp et al., 2017) . One identified RBP of interest is SFPQ, which is localized near mitochondria and associates with axonal mRNAs encoding proteins important for mitochondrial function and axonal maintenance (Cosker et al., Rangaraju et al. (2019) reveal the role of tethered mitochondria that power local translation in proximal dendritic spines for activity-induced synaptic plasticity. A population of the mRNAs that benefit from this local energy supply is likely mRNAs encoding mitochondrial proteins. (B) Cioni et al. (2019) reveal a non-canonical mechanism in axons for targeting proteins to mitochondria that involve the interactions of RNA granules with late endosomes, whereby translation occurs on the endosome, but a subset of newly synthesized proteins is targeted to mitochondria. Anchoring mitochondria at axonal sites may fuel local translation during axonal synaptic plasticity.
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Neuron 101, January 16, 2019 205 2016). One of the mRNAs regulated by SFPQ is laminB2 mRNA, whose axonal translation is important for mitochondrial integrity and axon survival (Cosker et al., 2016; Yoon et al., 2012) . Live cell imaging of laminB2 mRNA demonstrated that this transcript was associated with Rab7a endosomes. Using the SunTag fluorescent reporter system to visualize sites of local translation, hotspots of axonal synthesis of were highly colocalized with Rab7 endosomes, the SunTag-lmnb2 mRNA, and nascent peptide synthesis. CMT2Bassociated Rab7 mutants perturbed translation of mRNAs important for mitochondrial function.
Cioni et al. also uncovered a link to the mTOR-S6K signaling pathway. mTOR associated with Rab7 and inhibition of mTOR using rapamycin led to significant reduction of endosome-coupled translation in axons. Expression of CMT2B Rab7a mutants decreased levels of phosphorylated ribosomal protein S6 in axonal growth cones. Translation dysregulation in FXS due to loss of FMRP has been characterized by impaired PI3K-mTOR-S6K signaling (Donlin-Asp et al., 2017) . The present findings suggest convergence of neurological-disease-linked mutations that affect RBPs and endosomes.
Future work is needed to understand the precise role of Rab7a in endosomecoupled local translation, how it is disrupted in CMT2B disease, and how it may contribute to axonal degeneration. One hypothesis is that the Rab7a CMT2B mutants may impair mRNA granule docking to the late endosomes. However, Cioni et al. did live cell imaging to visualize the localization and local translation of lam-inb2 mRNAs and analyzed colocalization with endosomal markers. Importantly, expression of CMT2B mutants had a marked reduction of endosome-associated translation but not the colocalization with endosomes. Taken together, these results strongly support a model whereby CMT2B mutants impair endosomecoupled translation. Research will be needed to more precisely identify the role of Rab7a in endosome-linked translation as well as role of other putative fac-tors, such as lipid adapters that have been implicated in the mechanism of RNA granule docking in the fungal model system (Pohlmann et al., 2015) .
It will be important to know why mRNAs like laminB2 are not targeted directly to the mitochondria. Perhaps the endosome-coupled translation provides a versatile and mobile system for delivering newly synthesized proteins to different membrane systems or peripheral destinations (e.g., growth cone). Since the study showed that many types of RNA granules, b-actin mRNA and its trans-acting mRBP Vg1RBP, for example, were associated with late endosomes, the implications are that this mechanism serves functions beyond mitochondrial protein import.
These studies emphasize a striking connection between local translation and mitochondrial function but also raise important questions about their interdependence. Considering that nuclearencoded mitochondrial transcripts are abundant in neurites, it appears likely that local translation plays a role in maintaining mitochondria in both axons and dendrites (Yoon et al., 2012) . However, the close association between endosome-docked local translation and mitochondria in axons raises the question of whether this association helps power local translation. As discussed, fissiondependent regulation of presynaptic mitochondrial size regulates axon branching (Lewis et al., 2018) , and a local role for stalled axonal mitochondria in the regulation of the actin cytoskeleton and axonal mRNA translation underlying branching has been reported (Spillane et al., 2013) . Future work should expand these mechanisms to include potential use of endosomes to locally synthesize and target other types of proteins to various membrane locations, like synapse vesicle associated proteins or the plasma membrane. The mechanisms uncovered in these two studies link to neurological diseases. Cioni et al. directly connect impairments in endosome-coupled translation of mitochondrial targeted proteins by CMT2B mutations. The implications from Rangaraju et al. are that local protein synthesis might be defective in mitochondrial disorders affecting neurological function and neurodegenerative diseases with impaired mitochondria fission/fusion dynamics and trafficking.
